Abstract-A self-sensing approach is used to accurately control the large displacements observed in VO 2 -based microelectromechanical systems actuators. The device is operated electrothermally using integrated resistive heaters. The coupling of the abrupt electrical and mechanical changes in VO 2 films across its phase transition allow for the estimation of the device's deflection by monitoring the film's resistance. Furthermore, the typical hysteretic behavior observed in VO 2 films is significantly reduced in the present device and the need for optical testing equipment is eliminated. The displacement-resistance relationship is modeled by a memoryless Boltzmann function consisting of four parameters, which are optimized to fit the experimental data with an average error of 1.1 µm throughout the complete actuation range of 95 µm. The estimated deflection is used as feedback to achieve closed-loop micropositioning control of the device, which is designed from the system dynamics obtained experimentally. Closed-loop sinusoidal and step reference response experiments are performed in order to show the effectiveness of the selfsensing feedback technique used. In the closed-loop sinusoidal frequency response, a cutoff frequency of 43 Hz is observed with a maximum actual deflection error of 0.19 dB up to the phase margin frequency of 30 Hz. In the step response, an average actual displacement steady-state error of ±1.15 µm is obtained with response times ranging from 5 to 12 ms.
(LQR)) [12] , [13] , nonlinear compensators (e.g., sliding mode control) [14] , and fuzzy controllers [15] . The performance of these controllers greatly depends on the accuracy and effectiveness of the sensing mechanism used to measure the output.
Different approaches have been developed to accurately measure or estimate the displacements of MEMS-based actuators and implement the controllers mentioned above. These techniques can be divided into two main groups: 1) internal sensors, such as capacitive plates [16] , piezoresistors [17] , and resistance strain gauges [18] ; and 2) external sensors, such as light scattering techniques [19] , and interferometry [20] . Internal sensors complicate the fabrication of the MEMS devices; and those based on capacitive sensing are limited to smaller displacements. On the other hand, external sensors require the use of bulky and high cost measurement setups. Self-sensing is yet another technique for measuring displacements, in which the deflection is estimated based on some other material parameter change, such as resistance or permittivity [21] [22] [23] . This method is particularly popular in smart material-based MEMS actuators, such as shape memory alloys (SMAs), piezoelectrics, and electroactive polymers, where usually more than one material parameter is sensitive to the actuation signal. In addition, since the smart material itself serves as the sensor, no additional sensing elements are needed. However, the inherent hysteresis behavior observed in many smart materials greatly complicates their use, which in addition requires methods for hysteresis cancellation, such as hysteresis compensation through modeling [24] , [25] , external manipulation [26] , or by limiting the actuation range of the device [27] . More recently, a naturally occurring hysteresis cancellation effect based on self-sensing has been observed in vanadium dioxide (VO 2 )-based MEMS devices, where the relationship between device deflection and VO 2 resistance shows a dramatic reduction in the hysteresis due to the strong correlation between the parameters [28] . VO 2 is a stable vanadium oxide phase known to undergo abrupt changes in its electrical [29] , mechanical [19] , and optical [30] properties during its solid-to-solid phase transition, which can be induced thermally at a temperature of approximately 68°C. A strain energy density of 8.1 × 10 5 J m −3 and curvature changes greater than 2000 m −1 have been obtained in VO 2 -coated silicon (Si) structures [31] . This behavior is a consequence of the abrupt change in crystallographic structure of the VO 2 , during which the plane parallel to the substrate contracts abruptly from the (011) M to the (110) R -where M and R stand for monoclinic and rutile phases, respectively -causing large strain changes. The transition is fully reversible and has been successfully integrated into electro-thermally driven MEMS-based silicon dioxide (SiO 2 ) cantilevers in order to achieve out-of-plane tip displacements comparable to the cantilever length through a small current operating window [32] , [33] . Another work done by the authors explored the self-sensing feedback control of a micro-actuator using VO 2 resistance measurements from a film deposited on a separate substrate [28] . Since both parameters were measured in separate locations, a hysteresis still remained present between them. In addition, the actuation was induced by a Peltier heater to which the sample was attached, making the system slow and bulky.
The work presented here shows a highly accurate closedloop controlled MEMS-based actuator with an integrated heater and sensor, which uses a self-sensing approach that drastically reduces the measurement hysteresis throughout the complete actuation range. Self-sensing is achieved by estimating the actual deflection through a resistance-to-deflection Boltzmann model obtained after a parameter fitting using simultaneous in situ VO 2 resistance and deflection measurements. The estimated deflection is then used in feedback with a proportional-integral (PI) controller in order to accurately control the MEMS actuator. The improvements over previous published work done by the authors are: 1) device miniaturization through the successful fabrication of a MEMS actuator with monolithically integrated heater and sensor (using self-sensing), 2) the capability of simultaneous in situ VO 2 resistance and actuator deflection measurements, and 3) a deflection and resistance dynamic model for design of closed-loop controlled actuator that achieves higher actuation bandwidths and lower error (both transient and steady-state).
The rest of this document is organized as follows. A detailed device fabrication and measurement setup used for model determination and self-sensing control implementation is presented in Section II. Section III shows the quasi-static results used to obtain the self-sensing model, the resistance and deflection frequency responses used to obtain the actuator dynamic model, and the PI controller design. Section IV contains the results and discussions of the implemented selfsensing feedback system, which includes the closed-loop frequency response of the MEMS actuator, and step and sinusoidal reference responses. Lastly, Section V includes some concluding remarks and future work.
II. EXPERIMENTAL PROCEDURES

A. Device Fabrication and VO 2 Deposition
The VO 2 -based MEMS actuator used in this work consisted of a titanium/platinum (Ti/Pt) electrode sandwiched between two layers of SiO 2 with a VO 2 layer on top of the device. Since both SiO 2 layers have very similar thicknesses, the thermal stress of this SiO 2 -Ti/Pt-SiO 2 structure is nearly canceled. A rendering of the fabrication process flow steps is shown in Figure 1 along with a description of each step. A 1 µm layer of SiO 2 was deposited on the polished side of a (100) Si wafer using low thermal oxide (LTO). After the SiO 2 deposition, the wafer was cleaned and prepared for lift-off using a two layer resist of lift-off resist (LOR A) and standard positive photoresist (Shipley 1813). A combination layer of Ti/Pt (500 Å/1500 Å) was deposited through thermal evaporation followed by a lift-off step using solvent (Remover PG) and then cleaned using photoresist removal (NanoStrip). The Ti layer is used for adhesion between the Pt and the SiO 2 layers. A second 1 µm SiO 2 layer was deposited on top of the patterned Pt using LTO. This oxide layer serves to electrically isolate the Pt and the VO 2 deposited in the final step. The wafer was then patterned (using Shipley 1813) to define the micro-actuator structure to be released, the wire bonding pads, and the vias that will expose the Pt to the VO 2 in the cantilever (see Figure 2 -a). Deep reative ion etching (DRIE) was used to etch the SiO 2 on the exposed areas until the Pt and Si were revealed. The wafer was partially diced into 0.25 × 0.25 inch dies and the MEMS actuators were then released using xenon difluoride (XeF 2 ). After performing the release step, a 200 nm VO 2 layer was deposited using pulsed laser deposition (PLD).
During the PLD deposition process, an individual die was placed on a rotating holder in order to ensure uniform thickness and temperature distribution through the deposition process. A shadow mask was placed directly on top of the die to protect the wire bonding pads from the VO 2 deposition. Before deposition, a background pressure of 5 × 10 −6 Torr was reached. Then, a heater located at the back of the sample was controlled to a temperature of 550°C under an oxygen atmosphere with pressure of 15 mTorr. A krypton fluoride (KrF) excimer laser with energy of 350 × 10 −3 J and a repetition rate of 10 Hz was then focused on a rotating metallic vanadium target. The deposition time was 30min and it was followed by another 30min of annealing under same conditions. The finalized device consists of a 550 µm long and 50 µm wide micro-cantilever with Pt trace dimensions of 8 µm for the heater and 18 µm for the VO 2 resistance measurement electrodes (see Figure 2 -a). After deposition the die was placed on a integrated circuit (IC) package and wire bonded to create the electrical contacts to the Pt heater and the VO 2 .
B. Electro-Mechanical Measurement Setup
The IC package containing the VO 2 -MEMS actuator was placed on the measurement setup shown in Figure 2 -b in order to perform the simultaneous in situ VO 2 resistance and deflection measurements used in the characterization and control of the device using self-sensing. For deflection measurements, a sensing laser (λ = 808 nm) was focused at the tip of the cantilever and the reflected light was aimed at a position sensitive detector (PSD). The output of the PSD is a voltage (V d ) proportional to the position of the incident light in the active area. Using side view images from a chargecouple device (CCD) camera at different actuation values, V d was calibrated to actual deflection (D r ). For VO 2 resistance measurements, a constant current of 15 µA was applied to the VO 2 through the inner Pt electrode along the actuator ("VO 2 Electrical Contacts" labeled on Figure 2 -a and green dashed lines in Figure 2 -b) while the voltage was being measured. It was verified that this current value did not cause actuator deflection; i.e. self-heating due to this current only was not large enough to cause actuation. Using Ohm's Law, the VO 2 resistance (R v ) is then calculated. A data acquisition system and field programmable gate array (DAQ/FPGA) supplies the actuation signal (I h ) to the Pt heater ("Heater Electrode" labeled on Figure 2 
III. THEORY
A. Self-Sensing Model
The measurement setup was used to obtain quasi-static simultaneous R v and D r curves as a function of I h , which are shown in Figure 3-(a-b) . For this experiment, a series of decreasing first order reversal curves were obtained in order to cover the hysteresis minor loops. The current range for the complete experiment is from 1.8 to 5.2 mA in steps of 30 µA. In order to measure steady-state values for R v and D r a wait time of 4 s was selected between each current setpoint. The VO 2 resistance shows the typical nonlinear hysteretic behavior observed in similar deposited films on SiO 2 with a maximum resistance change of 8 × 10 5 [33] . The deflection range obtained for the actuation region (which spans less than 1 mA change in I h , -see Figure 3 -b) was 95 µm. Note that the operational region is defined as the region through which monotonic deflection across the VO 2 transition occurs in the actuator. There are two competing mechanisms that affect the deflection of the device: the structural phase transition of the VO 2 layer and the differential thermal expansion. The former is responsible for the large positive change in deflection across the phase transition, while the latter is responsible for the small negative changes at both ends. This non-monotonic behavior has been observed in the past and a detailed discussion is given in [19] and [31] . Figure 3 -(c) shows the relationship between deflection and VO 2 resistance for the same experimental data. The hysteresis is greatly reduced due to the highly coupled mechanisms responsible for the electrical -product of the insulatorto-metal transition (IMT) -and mechanical changesproduct of the structural phase transition (SPT) -in the VO 2 . A Boltzmann function is then used to model the self-sensing relationship. The Boltzmann function is defined bŷ
where A 1 , A 2 , x 0 and dx are the model parameters, which are obtained through a nonlinear model fit using a conjugated gradient method, andD r is the estimated deflection. The model parameters obtained from the fit are shown in an inset table in Figure 3 -(c). Figure 3 -(d) shows the error between the experimental data and the model in (1). The noise observed in this curve is still to be fully understood. The maximum absolute error produced by the self-sensing model is 5 µm with an average error of −1.1 µm, throughout the complete actuation range of 95 µm. These results show that (1) can accurately estimate D r and be used as the feedback signal to control the device deflection.
B. System Dynamic Model
In order to design the controller gains that will operate the micro-actuator, an accurate model of the system dynamics is needed. To this end, the setup in Figure 2 -b was used to obtain the open-loop magnitude frequency response of the microactuator for a sinusoidal input signal. The input frequency was varied from 0.1 to 200 Hz with a constant magnitude and offset of 0.4 mA and 3.6 mA, respectively. These values were chosen in order to include large part of the monotonic increasing deflection across the transition region (see Figure 3-(b) ). Figure 4 shows the deflection and resistance gains (i.e. D r and R v gains) of the micro-actuator with respect to the actuation signal, I h as a function of frequency. The cut-off frequencies for both signals are very close to each other (around 20 Hz), which is expected since the dynamics of the electrical and mechanical parameters in these types of thermally-actuated devices is dominated by thermal dissipation through the anchor and the surrounding media [33] . Furthermore, both signals can be described by a first-order system, since drag and internal mechanic dynamic effects are known to take place at much higher frequencies -more than an order of magnitude higher than the thermal cut-off frequency [33] . The resistance gain is modeled by a first-order transfer function defined here as: where A 0 is the resistance DC gain, and τ is the time constant of the system. In order to find the values for A 0 and τ , the magnitude of (2) is calculated by finding |G ( j ω)| and then fitted with the experimental data. Note that ω = 2π f where f is the linear frequency in units of Hz.
C. PID Controller Design
The self-sensing and dynamic system models were used to determine a set of PI gains that resulted in an accurate and controlled D r usingD r . Figure 5-(a) shows the high-level block diagram representation of the micro-actuator system. The controller usesD r (calculated from the self-sensing model using R v ) and the reference deflection value D re f to supply I h (the control signal) in order to drive the VO 2 -MEMS device. Note that D r is only used to validate the performance of the self-sensing closed-loop system. An expanded view of the self-sensing closed-loop system is shown in Figure 5-(b) , where e is the error between D re f andD r , K (s) is the PI controller transfer function, G (s) is the resistance transfer function from (2), andD v (R v ) is the self-sensing model from (1). K (s) is defined as
where K p and K i are the proportional and integral gains, respectively. Since the deflection and resistance open-loop responses have very similar performance in terms of cut-off frequency, a controller designed to compensateD r should also compensate D r with similar closed-loop performance. Hence, (3) was designed to control the system in Figure 5 -(b) in order to achieve a bandwidth (BW) of at least 40 Hz, which is double the open-loop bandwidth, and an overshoot of less than 10 %, which traduces to a phase margin ( M) of less than 121 • . The obtained gains based on these specifications are K p = 0.07 and K i = 87.5 and the simulated performance of the closedloop system using these gains is shown in Figure 6 -(a-b).
IV. RESULTS AND DISCUSSION
To test the performance of the micro-actuator system, a series of reference tracking experiments were performed. First, the closed-loop frequency response was obtained experimentally by applying a sinusoidal reference signal with varying frequency. Second, a step reference input response was used to obtain the transient performance of the system and study the overall system accuracy. Along the discussion of the results, the actual deflection is given more emphasis than the estimated deflection. However, the estimated deflection is also included in the analysis in order to demonstrate the effectiveness of the self-sensing feedback method.
A. Closed-Loop Frequency Response
To experimentally obtain the closed-loop frequency response of the micro-actuator, D re f was chosen as a sinusoidal wave of varying frequency from 0.1 to 200Hz with a magnitude and offset of 30 µm and 45 µm, respectively. Figure 6 -(a) shows the magnitude gain in decibels of the closed-loop system for the mentioned input conditions. The self-sensing and actual deflection gains follow the simulated results closely with a BW of 43 Hz.
The effectiveness of the self-sensing model is also verified by the unnoticeable difference between the self-sensing and actual deflection performances before the M (0 dB) frequency of 30 Hz. The maximum difference between D r andD r is 0.255 dB or 1.8 µm through the deflection range of 60 µm tested in this experiment. In addition, maximum actual and self-sensing errors to that of the setpoint are 0.19 dB (1.32 µm) and 0.015 dB (0.1 µm), respectively.
To further show the frequency and time dependent performance of the micro-actuator, some of the deflection sinusoidal responses used to obtain the results in Figure 6 -(a) as a function of time at different frequencies are shown in Figure 7 . One noticeable trend is the increased difference between the actual and setpoint deflection values right after the maximum and minimum setpoint peaks. Hence, it is difficult to obtain a measure of the phase difference, since the phase value varies when calculated at different locations within a period. For example, at 10 Hz the phase difference is 22 • if calculated at the sinusoidal offset value or 30 • if calculated at the maximum value. One plausible explanation is the asymmetry of the hysteretic curve. The actuation region for this particular frequency response experiment -which is smaller than the actuation region used for the quasi-static experiments shown in Figure 3 -includes a hysteretic region that is non-symmetric. This non-symmetry (which is not modeled by (1)) changes the shape of the limiting cycles in the actuation region; causing pronounced differences between the estimated and actual deflection when cycling between setpoint peaks. This has been observed in a previous sinusoidal control experiment performed by the authors, where the actual deflection was directly controlled [34] .
B.
Step Reference Tracking D re f was chosen as two sequences of varying step inputs with duration of 200 ms each in order to study the transient and steady-state errors of the closed-loop controlled VO 2 -MEMS actuator. The first sequence was designed to cover one stable hysteresis loop (increasing and then decreasing staircase cycle), while the second sequence was designed to study the performance throughout the hysteresis (arbitrary increasing and decreasing steps). The results for the first and second sequences are shown in Figure 8-(a-b) , respectively. Both figures also show inset plots of some step regions in order to show transient behavior.
The effectiveness and accuracy of the self-sensing feedback micro-actuator is evident. An average D r steady-state error of 1.15 µm is found from all the different steps in both sequences with average system accuracy of ±430 nm. The maximum steady-state error is 1.88 µm from all the setpoint values tested. Rise times -defined here as time taken by D r to change from 10 to 90% of the step value -ranging from 5 to 12 ms are obtained with maximum percent overshoot of 8.4%. The measured performance of D r falls within the designed specifications, thus confirming that self-sensing can be used to accurately and effectively control the deflection of VO 2 -based MEMS actuators.
V. CONCLUSION
The strong coupling of the electrical and mechanical properties in VO 2 across its phase transition has been used to allow self-sensing in a VO 2 -based MEMS actuator with integrated heater. This technique allowed for the reduction of the hysteresis effects in these devices, simplifying their control. A simple, yet effective, Boltzmann function was used to model the resistance-to-deflection relationship and obtain an estimated deflection value, which was used as feedback to control the actual deflection of the micro-actuator. Sinusoidal and step input tracking experiments were performed in order to show the performance of the micro-actuator in terms of frequency response, transient response and steady-state error.
Further miniaturization can be achieved by utilizing a microcontroller for realizing the closed-loop control, which would result in a fully monolithically integrated system. The performance of the micro-actuator can be enhanced by utilizing more robust controllers, improving the self-sensing model, and optimizing heater location and device fabrication for achieving higher operational bandwidth and accuracy.
